In this work, a metagenomic library was generated from peat-swamp forest soil obtained from Narathiwat Province, Thailand. From a fosmid library of approximately 15,000 clones, six independent clones were found to possess lipolytic activity at acidic pH. Analysis of pyrosequencing data revealed six ORFs, which exhibited 34-71% protein similarity to known lipases/ esterases. A fosmid clone, designated LP8, which demonstrated the highest level of lipolytic activity under acidic conditions and demonstrated extracellular activity, was subsequently subcloned and sequenced. The full-length lipase/esterase gene, estPS2, was identified. Its deduced amino acid was closely related to a lipolytic enzyme of an uncultured bacterium, and contained the highly conserved motif of a hormone-sensitive family IV lipase. The EstPS2 enzyme exhibited highest activity toward p-nitrophenyl butyrate (C 4 ) at 37 C at pH 5, indicating that it was an esterase with activity and secretion characteristics suitable for commercial development.
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Key words: metagenomics; peat swamp soil; acidic esterase; family IV lipase Lipolytic enzymes are one of the most important biocatalysts due to their ability to utilize a wide range of substrates. They have a potentially broad spectrum of biotechnological uses in the production of pharmaceuticals, 1) paper processing, food manufacturing, food additives, and so on. 2) In the production of biofuel, lipases catalyze the conversion of vegetable oil to methyl alcohol ester.
3) Lipolytic enzymes, including true lipases and esterases, are broadly classified according to substrate specificity. True lipases (EC 3.1.1.3) are defined as carboxylesterases that catalyze the hydrolysis and synthesis of relatively long-chain acylglycerols with acyl chain lengths longer than 10 carbon atoms. In contrast, esterases (EC 3.1.1.1) prefer water-soluble substrates and catalyze the hydrolysis of glycerolesters with short acyl chain lengths, of 10 carbon atoms or less. 4) Moreover, lipolytic enzymes can be classified into eight different families based on conserved amino acid sequences and biochemical properties. 2) Soil is a very diverse environment, and thus presents a challenge for microbiological study. Moreover, standard culture methods are limited by the fact that only approximately 1% of microorganisms from the natural environment can be cultured under selective laboratory conditions. 5) Thus, probably more than 99% of microorganisms are currently unidentified and are unexplored potential sources of novel enzymes. The ''metagenomics'' approach of cloning DNA directly without microbial culturing has successfully been exploited in the discovery of new enzymes of biotechnological interest, including lipases and esterases, 6, 7) chitinases, 8) cellulases, 9) polyketide synthases, 10) and amylases. 11) Enzymes characterized from uncultured microorganisms, especially those living in extreme environments, are expected to be novel enzymes exhibiting useful properties, such as high substrate specificity and high activity in extremes of pH and/or thermostability, which make them advantageous for utilization in industrial process with harsh conditions. Ideally, industrial enzymes are secreted from the host during production, so that enzyme purification is not required. Furthermore, to date, many industries demand hydrolytic enzymes that work optimally at acidic pH. For example, animal feed companies usually need carbohydrate-degrading enzymes that can function under acidic conditions in the animal's stomach. An obvious source of such enzymes is microorganisms found in acidic environments. Tropical peat-swamp forests constitute a unique ecosystem found in South East Asia (including Indonesia, Malaysia, Brunei, the Philippines, and Thailand) where the soil is extremely acidic (pH 3.5-5.0), and thus might yield novel enzymes that are active under acidic conditions. In addition, since peat is typically formed by an accumulation of partially degraded plant materials, it is most likely a good source for organic compound-degrading enzymes. In this study, a metagenomic library was constructed from a soil sample obtained from Sirinthon Peat-Swamp Forest soil in Narathiwat Province, Thailand. This library was screened for esterase/lipase enzymes that work optimally at acidic pH. Nucleotide sequences of lipolytic y To whom correspondence should be addressed. Tel: +66-2-5646700 ext 3472; Fax: +66-2-5646707; E-mail: sutipa@biotec.or.th encoding genes were subsequently obtained from selected clones. The biochemical properties of the lipolytic enzymes were also investigated.
Materials and Methods
Bacterial strains, culture conditions, and plasmids. The bacterial strains used were Escherichia coli EPI300T1
Ò , E. coli TOP10, E. coli DH5, and E. coli RosettaÔ. Vectors pCC1FOS and pZErO-2 were purchased from Epicentre (WI) and Invitrogen (CA), respectively. Expression vector pET-28a(+) (Novagen, Darmstadt, Germany) was used for the expression of the lipase/esterase gene. E. coli was grown at 37 C in Luria-Bertani (LB) broth or on 1.5% agar plates supplemented with appropriate antibiotics.
DNA extraction from soil. For metagenomic library construction, a soil sample was collected from the Sirinthon Peat-Swamp Forest (Narathiwat Province, Thailand) with an average pH of 5.0. Microbial genomic DNA from the soil was isolated following Zhou et al.
12)
DNA purification by two-step agarose gel electrophoresis. A novel two-step agarose gel electrophoretic purification method was developed in this study. It is a modification of the protocol of Quaiser et al.
13)
Briefly, genomic DNA extracted from the soil was subjected to two electrophoretic separations in 20-cm agarose gel slabs. At the first step, DNA samples were loaded onto a 0.5% agarose gel and subjected to electrophoresis at 30 volts for 18 h in 1X TBE (Tris-borate-EDTA). At this step, most humic acids were separated from the genomic DNA, as indicated by the different mobility of a dark brownish band (indicative of humic acids), and the genomic DNA. Then 20-40 kb DNA fragments were excised from the gel and placed in a two-phase low-melting agarose gel containing 0.8% agarose gel plus 2% w/v polyvinylpyrrolidone (PVP) at the top section of the gel and then subjected to a second electrophoresis at 30 volts for 18 h. This step allows for purification of the DNA from the remaining humic substances, because humic acids are bound and trapped by PVP. The purified DNA was allowed to migrate to the bottom phase, and then was excised from the gel. Sizefractionated DNA was recovered from the gel using GELaseÔ according to the manufacturer's instruction (Epicentre).
Metagenomic library construction. A metagenomic library was constructed using a CopyControl fosmid library production kit (Epicentre) following the manufacturer's instructions, with slight modifications. The purified genomic DNA was end-repaired to generate blunt 5 0 -phosphorylated ends, and was ligated into pCC1FOS vector (Epicentre) at 16 C for 3 d. The ligated DNA was packaged using the lambda packaging extract supplied, and was then transformed into EPI300-T1R phage T1-resistant E. coli. The transformants were selected on an LB plate supplemented with 12.5 mg/ml of chloramphenicol.
Screening for lipase/esterase activity. The transformants were spread on LB plates supplemented with 12.5 mg/ml of chloramphenicol and 0.001% w/v arabinose, and incubated overnight at 37 C. Each plate was overlaid with 0.7% agar supplemented with ENZhance cell permeabilizing reagent (National Center for Genetic Engineering and Biotechnology, Pathumthani, Thailand) and 1% v/v tributyrin plus 0.001% rhodamine B, and incubated at 37 C for 2 d. Clear zones of tributyrin digestion around colonies were indicative of positive clones harboring putative target enzymes.
DNA sequencing analysis. DNA sequences of lipolytic positive clones were obtained by pyrosequencing (Genome Institute, National Center for Genetic Engineering and Biotechnology, Pathumthani, Thailand). Homology analysis of the nucleotide sequence obtained was performed with BLASTX (http://www.ncbi.nlm.nih.gov/BLAST). Multiple alignments of enzymes with homologous proteins were performed with the Align-X program, a component of the Vector NTI suite (InfoMax, North Bethesda, MD). Phylogenetic trees were constructed by the neighbor-joining method (Molecular Evolutionary Genetics Analysis 4.0 software). Sequencing of plasmids containing DNA subcloned from the metagenomic library clones was performed by standard dideoxy automated procedures (1 st BASE, Seri Kembangan, Malaysia). All novel sequences reported here have been submitted to the NCBI/Genbank database under accession nos. GQ340752, GQ340753, GQ340754, GQ340755, GQ340756, and GQ340757.
Subcloning of lipolytic positive clone. The fosmid from a selected clone, LP8, was extracted and partially digested with Sau3AI. DNA fragments larger than 1 kb were purified with the Wizard Ò DNA CleanUp System (Promega, WI), and ligated into pZErOÔ-2 cloning vector which had been digested with BamHI. This shotgun library was transformed into E. coli TOP-10 cells by electroporation. Transformants were grown on LB plates supplemented with 50 mg/ml of kanamycin and1 mM IPTG, and incubated overnight at 37 C. Each plate was then overlaid with 0.7% agar supplemented with ENZhance reagent and 1% tributyrin. Clones that exhibited clear zones, indicative of lipolytic activity, were selected, and the DNA sequences were obtained. One of the positive clones from the shotgun library, pZEROLP8, was selected for further study.
Expression and purification of lipolytic enzyme. The lipase gene without its putative signal sequence was amplified from the extracted DNA of the pZEROLP8 shotgun clone using forward primer LP8F1 (5 0 GGCCCATATGAGTGCACAAGAACTGGAATC3 0 ) and reverse primer LP8R (5 0 GGTCAAGCTTTTATTCATGTGCGGTCATGTGC3 0 ), NdeI and HindIII restriction sites underlined, respectively. The PCR product was digested with NdeI and HindIII, purified with a QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany), and ligated into pET28a (+) previously digested with the same restriction enzymes. The ligation mixture was transformed into E. coli DH5 by the heat-shock method.
14)
The recombinant plasmids obtained from the transformants were subjected to DNA sequencing to verify the sequences. To express the target enzyme, the recombinant plasmid was subsequently transformed into E. coli RosettaÔ strain, and transformants were selected on LB plates supplemented with 50 mg/ml of kanamycin and 34 mg/ml of chloramphenicol. The transformant was then cultured in LB medium supplemented with 50 mg/ml of kanamycin and 34 mg/ml of chloramphenicol at 37 C until the cell concentration reached an OD 600 of 0.5. The culture was induced by the addition of 0.2 mM IPTG with shaking at 200 rpm at 25 C for 3 h. Cells were harvested by centrifugation at 6;000 Â g for 15 min at 4 C, and resuspended in 100 mM Tris-HCl pH 7.5. They were then lysed by sonication at 60% amplitude for 4 min on ice. The target enzyme was purified from the crude soluble fraction with a His-Trap affinity column following the manufacturer's recommendations (Amersham Bioscience, Uppsala, Sweden). The purified enzyme was analyzed on 12% SDS-PAGE gels and visualized by staining with Coomassie Blue R-250. The eluted fraction, with high lipolytic activity, was concentrated and desalted using an Amicon Ultrafiltration Unit (Millipore, MA). The concentration of the purified enzyme was then determined by Bradford assay (Biorad, CA) with bovine serum albumin as standard.
Enzyme assay. Esterase activities against p-nitrophenyl esters were determined by measuring the amount of p-nitrophenol released by esterase-catalyzed hydrolysis. 4) Production of p-nitrophenol was monitored at 405 nm. One unit of enzyme activity was defined as the amount of activity required to release 1 mmol of p-nitrophenol per min from p-nitrophenyl ester.
Substrate specificity. The substrate specificities of the p-nitrophenyl esters were determined by incubating the purified enzyme in various concentrations (0.05 to 4 mM) of various substrates: p-nitrophenyl acetate (Sigma, MO), p-nitrophenyl butyrate (Sigma), p-nitrophenyl valerate (Sigma), p-nitrophenyl caprylate (Fluka, NY), p-nitrophenyl laurate (Sigma), p-nitrophenyl myristate (Sigma), and p-nitrophenyl palmitate (Sigma) in 20 mM sodium acetate (pH 5.0) with 150 mM NaCl, 0.01% Triton-X, and 0.01% gum arabic.
15) The kinetic parameters were determined at various concentrations of substrates by fitting the initial velocity data to a Lineweaver-Burk transformation of the Michaelis-Menten equation using the Kaleida Graph software package (Synergy Software, PA).
Effects of pH and temperature on esterase activities. To determine the optimal pH of the EstPS2 enzyme, esterase activities were measured in a pH range of 3.0 to 10.0 under standard assay conditions. The buffers used were 20 mM sodium acetate (pH 3.0 to 5.0), 50 mM MES (pH 5.0 to 7.0), 50 mM HEPES (pH 7.0 to 8.0), and 50 mM TrisHCl (pH 8 to 10.0). The optimal temperature was determined by assaying esterase activity against p-nitrophenyl butyrate in sodium acetate pH 5.0 in a temperature range of 25 to 70 C for 10 min. Relative activity was calculated by comparing the activity for each treatment to that of the maximal activity, which was designated 100%.
Results and Discussion
Construction of a metagenomic library from peatswamp soil and screening for lipolytic enzymes A fosmid library was constructed using genomic DNA extracted from peat-swamp forest soil with a DNA yield of approximately 20 mg/g of wet soil. Since the DNA extracted was highly contaminated with humic substances, indicated by a dark-brown color, the twostep agarose gel electrophoresis purification technique described in ''Materials and Methods'' was developed to remove the humic acid contaminants. The purity of the DNA obtained using the two-step agarose gel electrophoresis technique was approximately twice that of the DNA obtained by the conventional agarose gel electrophoresis purification technique, as indicated by 260/230 absorbance ratios (data not shown). Furthermore, approximately 15,000 clones with insert sizes ranging from 20 to 40 kb in length were obtained from the fosmid library constructed using genomic DNA purified by the two-step electrophoretic procedure, compared with only 98 clones from a similar amount of DNA purified by the conventional method. Thus our modification yielded DNA with high quality, and leads to markedly improved fosmid library construction. Clones were randomly selected from the fosmid library and digested with a panel of restriction enzymes. The clones selected gave various patterns of DNA fragments, suggesting that this library has high complexity (data not shown).
The fosmid library was screened for lipolytic activity, and 25 fosmid clones were found to exhibit lipase activities, as shown by clear halos around the colonies on agar plates containing 1% tributyrin. Restriction analysis with NotI revealed nine different patterns in these clones, suggesting that some of the clones recovered were contiguous with others. These nine groups of fosmid clones showed distinct patterns of lipolytic activities (Table 1) . Of the nine groups, group 6 showed the highest lipolytic activity under acidic conditions irrespective of cell permeabilization, and groups 4 and 8 showed high activity under alkaline conditions after cell permeabilization.
Representative fosmids from all nine groups were pooled, and the nucleotide sequences were determined by pyrosequencing. After contig assembly, six putative lipase/esterase genes were obtained based on sequence similarity to reported lipases/esterases. Three genes, estPS1, estPS4, and estPS6, encoded putative enzymes that exhibited similarity to lipolytic enzymes from Hypomonos neptunium, Gemmata obscuriglobus UQM 2246, and Hahella chejuensis KCTC 2396, with 37%, 41% and 36% amino acid sequence identity respectively (Table 2) . On the other hand, the amino acid sequences of EstPS2, EstPS3, and EstPS5 showed highest similarity to previously reported lipase/esterases from uncultured bacteria. Since the similarity of these six newly identified sequences to known lipolytic enzymes was as low as 34%, they can be considered as novel enzymes. A phylogenetic tree of these lipolytic enzymes was reconstructed in order to classify them in to enzyme families (Fig. 1) . The tree indicated that the enzymes obtained from the peat-swamp forest soil were diverse and belonged to various families of lipases/esterases. EstPS1 and EstPS5 were affiliated with families VII and V respectively. EstPS4 was closely related to family III, whereas EstPS6 could not be confidently assigned. Close inspection of the amino acid sequence alignment (Fig. 2) indicated that EstPS2 and EstPS3 contain the conserved motifs GDSAG and HGGG characteristic of lipolytic proteins, corresponding to GXSXG of lipase/ esterase family IV (hormone-sensitive lipase, HSL). 2) Moreover, EstPS2 and EstPS3 contained a conserved catalytic triad sequence, consisting of Ser144 and His268 and the conserved HGGG motif, which is involved in hydrogen bonding and is important for stabilization of the oxyanion hole and plays a role in catalysis. 22) On the other hand, the enzymes encoded by estPS1, estPS4, estPS5, and estPS6 do not show conservation of family-characterizing motifs, suggesting that they belong to novel groups of lipolytic enzymes (data not shown). 
Ã Lipase activity was detected using plate screening, as described in ''Materials and Methods.'' The representative fosmid clones for all nine groups were further selected for pyrosequencing analysis. þ Lipase activity that gave a clear zone diameter smaller than 3 mm. þþþ Lipase activity that gave a clear zone diameter larger than 3 mm.
The contig carrying the estPS2 gene harbored two ORFs flanking estPS2 (Fig. 3) . The gene sequence located upstream of estPS2 showed 60% identity to the gene encoding the ABC-2 type transporter from Solibacter usitatus Ellin6076 (accession no. YP821894). Another ORF, 3 0 to estPS2, shared highest amino acid sequence identity (69%) to subunit A of 3-oxoacid CoAtransferase of Acidobacteria bacterium Ellin345 (accession no. YP590240). In Gram negative bacteria, many proteins are secreted by ABC transporter systems through both the inner and the outer membrane directly into the culture medium, using the energy derived from ATP hydrolysis. 23) ABC transporters are integral membrane proteins that translocate extracellular gene products such as peptides, proteins, drugs, and oligosaccharides. Extracellular lipases secreted by ABC exporters include lipases that normally lack an N-terminal signal sequence from S. marcescens 24) and Pseudomonas fluorescens.
3) Thus the putative ABC transporter encoded by the gene upstream of the estPS2 most likely functions to transport EstPS2 out of the cells. Another ORF, of 699 nucleotides, was also found downstream of estPS2. A BLASTP search revealed that it shared highest amino acid sequence identity (69%) and similarity (85%) to 3-oxoacid CoA-transferase, subunit A, of Acidobacteria bacterium Ellin345 (accession no. YP590240). This enzyme is responsible for the formation of acetoacetyl CoA by transfer of a CoA moiety from succinyl CoA to a 3-oxoacid. It participates in the cholesterol synthesis pathway, ketone body metabolism, and valine, leucine, and isoleucine degradation. 25) Thus, together with EstPS2, it may be involved in the synthesis and utilization of lipids and esters.
Fosmid clone LP8 is contiguous with estPS2 and the flanking ORFs, and was found to confer high lipase activity at pH 5. The activity of this putative lipase was readily detected on the plate without the addition of a cell-permeabilizing reagent, suggesting that it is an extracellular lipase (Table 1 ). In addition, it has high activity, since it was detectable even when expressed in a single gene copy in LP8 without arabinose induction. Shotgun subcloning of LP8 yielded one subclone of approximately 2 kb, designated LP8-1, which exhibited lipase activities. The LP8-1 sequence contained the 912 bp The amino acid sequences of the lipolytic enzyme families in the phylogenetic tree were obtained from published data.
2) The confidence level for the phylogenetic tree was determined by bootstrapping (1,000 replicates). Only bootstrap values higher than 50% are shown. The scale bar indicates 0.2 change per amino acid site.
ORF with a sequence identical to estPS2. Unlike the original fosmid clone, LP8, the lipase activity of LP8-1 was detected only when cell-permeabilizing reagent was added to the agar plate. This suggests that secretion of EstPS2 requires the functional ABC transporter in fosmid LP8, but not in LP8-1. Since EstPS2 showed highest activity under acidic conditions of all the lipases at the initial screening, its function was further characterized.
Enzyme characterization
EstPS2 was overexpressed in the E. coli RosettaÔ strain, and the protein was purified to approximately 99% homogeneity by His-Trap affinity column. The purified protein, which lacked 21 amino acids of the signal sequence, showed the expected protein band of 31 kDa on SDS-PAGE (Fig. 4A) . It exhibited highest activity at pH 5.0 (Fig. 4B) , and exhibited more than 50% of maximal activity at temperatures between 30 and 40 C, with the highest activity detected at 37 C (Fig. 4C) . The substrate specificity of EstPS2 was investigated, as shown in Table 3 . It was clearly found that EstPS2 preferably hydrolyzed short-acyl chains of p-nitrophenyl acetate (C 2 ) and p-nitrophenyl butyrate (C 4 ), whereas no detectable activity was observed for substrates with chain lengths longer than five carbon atoms. The purified EstPS2 showed high velocity (V max ) and ratio of K cat =K m against p-nitrophenyl acetate (C 2 ), with values of 128:30 AE 5:04 units/mg and 503.64 1/s mM respectively. The V max and K cat =K m for p-nitrophenyl butyrate (C 4 ) were 88:75 AE 1:68 units/mg and 583.88 1/s mM respectively (Table 3 ). The K cat =K m ratio for p-nitrophenyl butyrate was higher than that for p-nitrophenyl acetate, suggesting that p-nitrophenyl butyrate (C 4 ) was the most favored substrate among the p-nitrophenyl esters tested here. EstPS2 exhibits preference for short-chained substrates with chain The accession numbers of the aligned sequences are as follows: Alicyclobacillus acidocaldarius (X62835), 20) uncultured bacterium (ACL67849), 21) uncultured bacterium (ACL67845), 21) uncultured bacterium (AAX37296). The sequence in square boxes is highly conserved in family IV of lipases/esterases. Box I indicates the HGGG motif involved in hydrogen bond formation, and Box II indicates the GXSXG motif of family IV lipases/esterases. The solid circle ( ) indicates amino acid residues belonging to the catalytic triad. lengths less than 10 carbon atoms, similarly to many other esterases belonging to family IV. 4, 17, 18) For example, a hormone-sensitive lipase obtained from the forest soil metagenomic library had 53% similarity to EstPS2 hydrolyzes against only p-nitrophenyl butyrate (C 4 ) and not against p-nitrophenyl palmitate (C 16 ). 17) Other members of family IV lipases/esterases that cannot hydrolyze substrates with chain lengths longer than 10 carbon atoms include hormone-sensitive lipases from E. coil 26) and Pseudomonas sp. strain B11-1, 24) and lipolytic enzymes obtained from the metagenomic library. 4, 17, [26] [27] [28] In addition, EstPS2 displayed optimal pH similar to other enzymes in this family (pH 5.0 to 7.0). 4) In this study, genes encoding lipolytic enzymes obtained from peat-swamp forest soil in Thailand were identified by the metagenomic approach. These enzymes belonged to various families of lipolytic enzymes, indicating the high diversity of this environment. The one enzyme characterized biochemically in this study, EstPS2, is of potential commercial use since it is active under acidic conditions and can be secreted as soluble protein. With the ability to work under mild acidic conditions, the potential application of these esterases included the dairy industry, to develop flavors and to accelerate cheese ripening, and in animal feed supplements. When a grain or other plant-derived food or feed component having substantial non-starch polysaccharide content is used, energy source availability can be increased by treatment with an esterase together with other enzymes, such as xylanase. Further study of other lipolytic enzymes obtained from this peat-swamp forest, viz., the novel enzymes estPS1, estPS4, estPS5, and estPS6, might uncover unusual properties, as hinted at by our initial screening, e.g., the unexpected discovery of alkaline-preferring lipases. 
